The circumsporozoite protein of the human malaria parasite Plasmodium falciparum contains multiple tandem repeats of the amino acid sequence Asn-Ala-Asn-Pro. The repeated sequence encompasses the immunodominant region of the protein, and antibodies raised against it are potent inhibitors of invasion and development of sporozoites in cultured hepatocytes. Using a modified build-up procedure, we have explored a large number of possible helical and nearhelical conformations of a terminally blocked tetraicosapeptide, consisting of six repeats of the sequence Asn-Ala-Asn-Pro, and conclude that two helical conformations are energetically favored to the exclusion of all others. One of these conformations is longer, thinner, and left-handed and is likely to be adopted in nonpolar environments, while the other is shorter, broader, and right-handed and should be favored in aqueous solutions. We propose that the immunodominant region of the circumsporozoite protein of P. falciparum adopts one of these conformations in vivo.
The life cycles of the parasitic protozoa that cause malaria in humans and animals pass through many different stages in both primary and secondary hosts. In the primary host, the first two stages are sporozoites, which invade liver cells and mature there, and merozoites, which are released from the liver and invade and multiply in erythrocytes. Sporozoites synthesize large quantities of a stage-specific protein, the circumsporozoite (CS) protein, which almost completely covers the sporozoite surface and is a powerful immunogen (1, 2) . Both the CS protein and the major antigenic surface proteins of merozoites have an unusual covalent structure consisting of one or more stretches of tandemly repeated sequences flanked by nonrepeated sequences (3) (4) (5) (6) (7) (8) (9) (10) . The repeated sequences vary in length from 4 to 12 amino acid residues and may be repeated anywhere from a dozen to over a hundred times. There is strong evidence that the immunodominant region ofthese surface proteins resides within the tandem repeats (11) (12) (13) .
In the species Plasmodium falciparum, the most deadly malaria parasite of man, the CS protein contains multiple tandem repeats of the sequence Asn-Ala-Asn-Pro. Genes for this protein cloned from two separate isolates coded for 37 and at least 23 copies of this tetrapeptide sequence, respectively (4, 5) . In one isolate, these tandem repeats were interrupted by four irregularly spaced copies of a variant sequence, Asn-Val-Asp-Pro. Antibodies raised against the CS protein, or against portions of the repeated sequence within it, were effective inhibitors of invasion and development of sporozoites of P. falciparum in cultures of human hepatocytes and hepatoma cells (12) (13) (14) (15) (16) , raising the hope that these repeated sequences might serve as the basis of a vaccine.
Immunological evidence suggests that quite small oligomers of Asn-Ala-Asn-Pro, such as the dodecapeptide formed from three repeats, might adopt much the same conformation in solution as the repeated sequence in the CS protein (15) . However, little is known about the nature of this conformation. The observation that repeat sequences of CS proteins and merozoite surface proteins frequently contain asparagine and/or proline has led to speculations that their conformations are rich in p-bends (11, 15) . In the special case of the CS protein of P. knowlesi, a simian malaria parasite, it was suggested (17) that the whole repeated sequence, which consists of units of 11 residues including one proline, forms an extended antiparallel P-sheet with a reverse turn at each proline residue. To date, however, no experimental techniques have been brought to bear on the matter.
We have used conformational-energy minimization to predict two stable helical conformations for the tetraicosapeptide (Asn-Ala-Asn-Pro)6. The approach employed is a modified version of the build-up procedure (18) and is based on the premise that, in any stable conformation of a long, tandemly repeated peptide sequence, cooperative interactions will drive large "segments of the molecule to adopt a helical or near-helical conformation. Some justification of this point ofview is presented in the Discussion. Examination of a number of possible minimum-energy conformations that might give rise to helical structures, and construction of molecules consisting of repeats of two, three, or six copies of the tetrapeptide, led to the conclusion that there are only two stable helical conformations of the tetraicosapeptide. By extending the computations to include the peptide (Asn-AlaAsn-Pro-Asn-Val-Asp-Pro)3, which is coded for in the repeat region of one isolate of the gene for the P. falciparum CS protein (4) , it was possible to conclude that one of the two conformations is likely to be adopted in aqueous solution, whereas the other should be preferred in nonpolar media.
METHODS
A tetraicosapeptide consisting of six repeats of the tetrapeptide Asn-Ala-Asn-Pro was built up in a series of steps.
Step I. A set of likely starting points for deriving minimumenergy helical conformations was selected from complete sets of minima of the terminally blocked dipeptides Asn-Ala, Ala 
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Immunology: Gibson and Scheraga the one-letter code of Zimmerman et al. (19) . The peptide bond dihedral angle was labeled c or t according as cos w was positive or negative (the former alternative being possible only for a residue preceding proline). The first side-chain dihedral angle, Xi, of asparagine was labeled g+, t, or gaccording as its value lay between 00 and 1200, 1200 and 240°, or 2400 and 3600, respectively. The second side-chain dihedral angle, x2, of asparagine, which has 6-fold symmetry of internal rotation, was labeled NE, E, SE, SW, W, or NW according as its value lay in one of the ranges 0-60°, 60-120°, 120-1800, 180-2400, 240-300°, or 300-360°. One further choice was allowed-between proline in the down configuration (i.e., with the CO atom below the plane of the ring) and proline in the up configuration.
All minima of the dipeptides Asn-Ala and Ala-Asn were compared, and whenever the codes describing the conformations of the alanine residue were identical, the minima were considered to match. Similarly, a minimum of Ala-Asn and a minimum of Asn-Pro were considered to match if the codes describing the conformations of the asparagine residue in these minima were identical. In the same way, a minimum of Asn-Pro was considered to match a minimum of Pro-Asn if the conformations of the proline residue were described by the same code and if the configuration at CO of the proline residue also matched in each minimum. Finally, a minimum of Pro-Asn was considered to match a minimum of Asn-Ala if the conformations of the asparagine residue were described by the same code.
Using these criteria, whenever a minimum of Asn-Ala matched a minimum of Ala-Asn, which in turn matched a minimum of Asn-Pro, and this minimum then matched a minimum of Pro-Asn which matched the original minimum of Asn-Ala, the combination was judged to be a likely candidate for generating a helical or near-helical conformation. To assign numerical values to the dihedral angles corresponding to these conformational states, the sets of single-residue minima of Vdsquez et al. (20) were scanned for single-residue conformations with the same symbolic codes; the dihedral angles of these were then used to construct starting conformations for minimizing the energy of the tetrapeptide.
Step II. Starting at the conformations generated in step I, energy minimization was performed as described (21) , using the most recent revision ofthe ECEPP/2 potential (Empirical Conformational Energy Program for Peptides; refs. 22 and 23) and the unconstrained minimization algorithm of Gay (24) . All backbone and side-chain dihedral angles (except of proline) were taken as independent variables. Any minimum whose energy differed from the lowest minimum by more than 8.0 kcal/mol was discarded. The final set of minima was examined for "degeneracy"-i.e., for conformations whose backbone dihedral angles were similar but whose side-chain dihedral angles differed markedly (18) and where such degeneracy occurred, only the conformation with the lowest energy was retained for the next step.
Step III. The nondegenerate minimum-energy conformations of the tetrapeptide were used to generate helical or near-helical conformations of the octapeptide consisting of two repeats of the tetrapeptide. Starting dihedral angles for minimization were obtained by repeating the dihedral angles of the tetrapeptide in a periodic manner. Subsequent minimization was unconstrained, all dihedral angles (except of proline) being taken as independent variables. Any minimum whose energy was more than 16.0 kcal/mol above the lowest energy was discarded.
Step IV. The minimum-energy conformations of the octapeptide were used as starting points for generating helical or near-helical conformations of the tetraicosapeptide, in a manner exactly analogous to step III. All minima within 48.0 kcal/mol of the lowest energy were retained.
Step V. The energies of the minimum-energy conformations of the tetraicosapeptide were recalculated with the inclusion of a term for solvation, following the procedure of Hodes et al. (25) .
Step VI. All minimum-energy conformations of the original tetrapeptide were scanned for conformations whose backbone dihedral angles were described by the same symbolic code as those of one of the minima of the tetraicosapeptide. Whenever such a match occurred, the codes for the sidechain dihedral angles were examined to see whether they too agreed. If they did not agree, the dihedral angles of the tetrapeptide conformation were used as starting points for a further attempt to generate conformations of the octapeptide and tetraicosapeptide, as in steps III and IV. The configurations ofthe proline ring were also scanned to see whether any conformation of the tetraicosapeptide was present with proline only in the up or in the down configuration. If either of these configurations was missing, an attempt was made to generate it from the conformation with the proline ring in the opposite configuration. All new conformations generated in this step were then solvated as in step V.
Some computations were also performed with the tetraicosapeptide N-acetyl-(Asn-Ala-Asn-Pro-Asn-Val-AspPro)3-N'-methyl amide, as indicated under Results. Starting dihedral angles for minimization were taken equal to those of a minimum-energy conformation of N-acetyl-(Asn-Ala-AsnPro)6-N'-methyl amide, with X1 for the valine side chain set to 1800. Energy minimization and calculations of solvated energies were performed as in steps IV and V.
RESULTS
The sets of dipeptide minima of Asn-Ala, Ala-Asn, Asn-Pro and Pro-Asn, which were used to generate the starting points for energy minimization, contained 295, 267, 218, and 396 conformations, respectively. From these sets, 9798 matches were obtained by the procedure of step I in Methods. With these as starting points, energy minimization led to a total of 847 minimum-energy conformations of N-acetyl-Asn-AlaAsn-Pro-N'-methyl amide lying within 8.0 kcal/mol of the lowest energy. Of these, 275 were nondegenerate. The latter subset was used to generate helical or near-helical minimumenergy conformations of the terminally blocked peptides (Asn-Ala-Asn-Pro)2 and (Asn-Ala-Asn-Pro)6 by the procedures in steps III and IV, giving rise to 202 and 55 nondegenerate minima, respectively, within the energy limits indicated in Methods. Table 1 contains the one-letter codes (19) describing the backbone conformations of the nine lowest-energy minima of the tetraicosapeptide, and it also shows the energies of these minima relative to the lowest energy, both with and without hydration. In all of these conformations, all peptide bonds were found to be in the trans conformation. Table 1 includes only those minima whose energies (for the nonsolvated state) were within 25.0 kcal/mol ofthe lowest energy. In spite ofthe fact that no strict helical constraint was imposed during energy minimization, the four lowest-energy conformations were remarkably regular. Within the central four repeats, the dihedral angles of corresponding residues seldom differed by more than 3°. Slightly greater variation was seen in the first and last repeat, presumably because of end effects, but even there the dihedral angles diverged by less than 100. On the other hand, several higher energy conformations were not regular but showed a kink or other defect that had clearly been introduced during energy minimization. Two examples can be seen in Table 1 , in which the sixth conformation has a variant conformation at residues 9 and 10, while the ninth shows alterations at each end. These observations strongly suggest that the low-energy helical conformations generated Proc. Natl. Acad. Sci. USA 83 (1986) (19) .
tAll prolines of a given conformation had the same configuration. §In kcal/mol, relative to the lowest-energy minimum (italicized).
by our procedure derive their regularity from an intrinsic stability. Helical parameters were calculated for the four lowestenergy solvated minima of the tetraicosapeptide by using a nonlinear least-squares method (K.D.G. and H.A.S., unpublished) and are presented in Table 2 . Ofthe two lowest-energy conformations with the proline residues in the down configuration, one, (EAFC), is longer, thinner and left-handed while the other, (AADA), is broader, shorter, and right-handed (Fig. 1) . The analogous conformations with proline in the up configuration are very similar geometrically. In all conformations, the asparagine side chains are hydrogen-bonded in pairs, but the pairing differs between them, being 3-*1, 7-5, etc. in the (EAFC) conformation and 3-*5, 7-*9, etc. in the (AADA) conformation. In the (EAFC) conformation, the asparagine side chains lie flat on the helix surface, and the proline and alanine side chains are also on the surface and even protrude somewhat. In contrast, in the (AADA) conformation, the asparagine side chains extend outward from the surface, while the proline and alanine side chains remain inside the helix and form a hydrophobic bond (between Pro-4 and Ala-14). Thus, in spite oftheir rather similar energies, the two conformations differ markedly in their geometries and atomic contacts.
The computations described so far do not suffice to decide between the two lowest-energy conformations. The nonsolvated conformational energies in Table 1 suggest that the (EAFC) conformation should be favored in nonpolar environments, while the solvated energies indicate that the (AADA) conformation should be adopted in aqueous solutions. The nonsolvated energies were computed with the ECEPP potential (22, 23) , which is solidly grounded on comparisons with experiment, and we have confidence in predictions based on this potential. However, uncertainties in parameterization of the expression for the solvated energy prevent us from choosing the (AADA) conformation unequivocally for the hydrated peptide. To try to resolve this question, energy minimization was repeated with the sequence N-acetyl-(Asn-Ala-Asn-Pro-Asn-Val-Asp-Pro)3-N'-methyl amide, starting from these two conformations. As seen in Table 3 , the (AADA) conformation was now slightly more favorable energetically, even in the absence of solvent, and became overwhelmingly more stable when solvation energy was included. The effect is probably caused by the fact that, in the (AADA) conformation, Val-14 and Val-22 side chains pack against the Pro-4 and Pro-12 rings in a hydrophobic interaction, whereas in the (EAFC) conformation, these structures are well-separated. Since this repeated sequence is present in the gene for one isolate of the P. falciparum CS protein and is contiguous with several repeats of the sequence Asn-Ala-Asn-Pro, a plausible inference from Table 3 is that both types of tandemly repeated sequence adopt the same helical conformation, (AADA), in aqueous solution. DISCUSSION The approach described here presupposes that, for a peptide chain consisting of multiple tandem repeats, cooperative interactions will ensure that the most stable conformations are helical or near-helical. The alternative conformational state is a statistical coil: in other words, a large ensemble of conformations, none of which is overwhelmingly preferred. For the simplest classes of tandemly repeated peptides, the homopolymeric and regular heteropolymeric poly(amino acids), this view of the set of available conformational states is amply borne out by experiment and theory. Depending on their environment, these polymers adopt conformations that are either predominantly helical or essentially indeterminate (26) (27) (28) . The helix-coil model carries over to at least one class of naturally occurring tandemly repeated peptides, the collagens. The various types of collagen have amino acid sequences that are far less regular than those of the Plasmodium peptides considered here, yet the evidence that they all adopt the same characteristic triple-helical conformation and undergo similar helix-coil transitions is convincing (29, 30) . Analogously, the stable states available to the repeated sequence of the CS protein should be either helical or statistical in character. Unlike the repeated sequences in collagen, the tandem repeats in the surface antigens of Plasmodia account for only a fraction of the amino acid sequences of the mature proteins and are almost always embedded within much larger unique sequences. The architecture of the unique sequences is remarkably similar at different stages in the organism's life cycle (3) (4) (5) (6) (7) (8) (9) (10) ; and in the case of the CS protein, the unique sequences show distinct homology between different species of Plasmodium, in contrast to the tandem repeats, which are not homologous (3) (4) (5) 31 angles of the repeat tetrapeptide should be compatible with helicity, while at the same time nearest-neighbor interactions should be highly favorable. Subsequent steps in the build-up were strongly biased toward retention of helicity, without ever imposing this condition as a strict constraint. In this way, it was hoped that most, if not all, helical conformations would be found with minimal computational effort and also that the low-energy helical conformations generated by the procedure would be intrinsically stable. Out of nearly 10,000 potential helical conformations that were examined, only two can be considered serious candidates for the native conformation of the repeated peptide sequence in the CS protein. These are the (EAFC) helix and the (AADA) helix shown in Fig. 1 . The related conformations with proline in the up configuration have significantly higher energies and, in any case, are sufficiently close geometrically that they would probably be in equilibrium with their down conformers. Our computations do not permit a definite choice between the (EAFC) and the (AADA) helix; rather, they suggest that either one might be favored under the appropriate conditions. Thus, in aqueous solution we expect the repeated sequence to adopt the (AADA) conformation; in a less polar medium, for example within or on the surface of a protein, it would probably form the (EAFC) helix. Unfortunately, very little is known about the immediate environment of the repeated sequence in vivo, and at present both possibilities must be entertained equally.
During the course of these computations, we observed that the two energetically most favorable helical conformations of the octapeptide (Asn-Ala-Asn-Pro)2 were also the (EAFC) and (AADA) helices. In subsequent computations, we have found that the same holds true for the dodecapeptide formed from three repeats of Asn-Ala-Asn-Pro (K.D.G. and H.A.S., unpublished results). Our computations were addressed to the terminally blocked peptides and did not deliberately include irregular conformations; hence, we cannot say that these two helical conformations are the most stable conformations available to the free octapeptide and dodecapeptide in solution. Nevertheless, our results definitely support the view that the observed immunological potency of small fragments of the repeated sequence, which may contain as few as 10 or 12 amino acid residues (13, 15) , is a consequence of their conformational similarity to the longer repeated sequence in the CS protein itself.
Much experimental effort has been devoted to the repeated amino acid sequences of CS proteins and merozoite surface antigens, and prospects for the development of working anti-malarial vaccines based on such sequences are quite bright. Undoubtedly, knowledge of the three-dimensional arrangement of these sequences in vivo could contribute significantly to the design of potential immunogenic molecules for this purpose. We believe that computations along the lines reported here represent a promising start to such a program.
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